Abstract A new monophasic nanohybrid containing two herbicides anions, 3,4-dichlorophenoxyacetate (3,4D) and 2-methyldichlorophenoxyacetate (MCPA), was successfully synthesized. The two anions were simultaneously intercalated into the inorganic interlayers of zinc-aluminium-layered double hydroxide (ZAL) for the formation of a nanohybrid, ZAL-MCPA-3,4D (ZAMDX) by anion exchange method. The properties of ZAL intercalated with single guest MCPA and 3,4D, as well as dual-guest nanocomposite were monitored using powder X-ray diffractometer (PXRD), and showed a basal spacing of 19.7, 19.0 and 19.2 Å , respectively. Direct-injection mass spectroscopy (DIMS) and Fourier transform infrared (FTIR) confirmed the dual intercalation of both anions into the interlayer regions of dual-guest nanocomposite. The release of MCPA and 3,4D from ZAMDX fitted a pseudosecond order model and possessed good controlled release properties. This release property exhibits the potential application of layered materials as a delivery system, as well as reservoirs, especially when multiple active agents are used simultaneously in the formation of an organicinorganic host-guest nanohybrid.
Introduction
Nanomaterials such as two-dimensional (2D) nanosheets have gained much attention recently due to their unique physical and chemical properties [1] . Layered metal hydroxide such as layered double hydroxide (LDH) is a family of layered material whose structure is similar to brucite, which can be represented by the general formula [M(II) 1-x M(III) x (OH) 2 ] x? (A x/n n-)ÁyH 2 O [2] . The use of LDH as matrices, particularly in controlled release (CR) formulations, has rarely been studied. The interlayer anion can be exchanged by a variety of inorganic-organic anion. Thus, the interlayer region of the layered material can be considered as a nanovessel, in which anionic molecules can be stored [3] . Many active agents such as drugs [4] , herbicides [5] , pesticides [6] , and plant growth regulators [7] have been intercalated into a single formed into layered materials to produce controlled release formulations. Agrochemicals herbicides such as MCPA and 3,4D are generally applied in a large amount in agriculture sector, but the residues are swept away by rain, which cause runoff and leaching down via soil and consequently leads to water pollution [8] . The intercalation and release of herbicides such as picloram [9] , 4-chloro-o-tolyloxyacetic acid (4-COT) [10] , and 2,4-dichlorophenoxyacetic acid (2,4-D) [11] have been investigated. The use of LDHs as a support host and delivery for these herbicides may reduce the environmental problem and decrease the amount of chemicals required for agriculture [12] . This paper deals with the work on the formation of phase-pure, well-ordered LDHintercalated nanohybrids by the intercalation of phenoxy herbicides, namely 3,4-dichlorophenoxyacetate (3,4D) and 2-methyl dichlorophenoxyacetate (MCPA) simultaneously into the LDH interlayer using a simple, direct reaction of LDH with the guest anions in an aqueous environment. To the best of our knowledge, the simultaneous controlled release of both herbicides (MCPA and 3,4D) from LDH interlayers have not been reported in the literature. Therefore, the physicochemical properties of the nanohybrid containing two active agents that affect the release property of the nanohybrid are discussed in this paper.
Experimental
All the reagents used in the synthesis were obtained from various chemical suppliers and used without further purification. All solutions were prepared using deionized water.
Synthesis of LDHs
LDH with a Zn to Al molar ratio of 4 was prepared by the direct co-precipitation method in the N 2 atmosphere to avoid CO 2 contamination. The synthesis was performed at room temperature by the slow addition of an alkaline solution (aqueous 2.0 M NaOH) to a mixed solution of divalent and trivalent metal salts containing 0.1 M Zn(NO 3 ) 2 Á6H 2 O and 0.025 M Al(NO 3 ) 3 Á9H 2 O under magnetic stirring at pH 7.5 [13] . The resulting slurry was aged for 18 h, washed several times with deionized water and dried at 70°C in an oven for 72 h. The sample was then stored in a sample bottle for further characterization.
Synthesis of nanohybrid
About 0.35 g of LDH was reacted with 50 mL aqueous solution of 0.1 M MCPA and 0.1 M 3,4D. The mixture was stirred for 7 h before aging for 18 h at 70°C in an oil bath shaker. The slurry was centrifuged, washed with deionized water, and then dried in an oven for 72 h.
Study on herbicides release
The simultaneous release of MCPA and 3,4D from the ZAMX nanohybrid was induced by adding 11.4 mg of sample into 100 mL of 0.005 M sodium carbonate aqueous solution. The quantity of phenoxy herbicides released into the solution was measured at the preset time at k = 180.0 and 230.0 nm for MCPA and 3,4D respectively, using a Perkin Elmer-UV-visible spectrophotometer, Lambda 35.
Characterizations
PXRD patterns were recorded at room temperature in the range of 2°-70°at 2°C min -1 using Shimadzu XRD-6000 with filtered Cu K a radiation (k = 1.5405 Å ) at 40 kV and 30 mA. The FTIR spectra were recorded in the range of 400-4000 cm -1 with a Perkin-Elmer 1752X spectrophotometer using KBr disk method. A DIM was performed using Shimadzu DIMS QP5050A. Thermogravimetric and differential thermogravimetric analyses (TGA-DTG) were performed using a Mettler Toledo instrument at a heating rate of 10°C min -1 in the range of 35-1000°C in the nitrogen with a flow rate of approximately 50 mL min -1 .
Results and discussion
The molecular structures of MCPA and 3,4D are given in Fig. 1a and b, respectively. These agrochemicals are used to kill weed in paddy, corn and wheat fields [14] .
PXRD analysis
The PXRD patterns for LDH that was synthesized at pH = 7.5 and R i = 4 is shown together with the corresponding nanohybrids that were formed by the intercalation with a single anion, either MCPA or 3,4D labeled as ZAMX and ZADX respectively in Fig. 2 . The LDH was also simultaneously intercalated with both MCPA and 3,4D onto the LDH inorganic interlayers labeled ZAMDX. All of the nanohybrids were prepared at the optimum condition 0.1 M aqueous anion solution.
The LDH with nitrate as the counter anion in the interlayer shows a typical basal spacing of 8.9 Å as previously reported [15, 16] . The (003) diffraction peaks that were observed for the nanohybrids were shifted to lower 2h angle than those of LDH, indicating an expansion of the inorganic layered host. Several factors such as anionic size, charge, orientation and interaction with the positivelycharged inorganic interlayer affect the degree of intercalation and layer separation [16] . The expansion of the basal spacing from 8.9 to 19.0 and 19.7 Å confirmed the inclusion of MCPA and 3,4D respectively singly into the LDH layers ( Fig. 2a-c) . For ZAMDX nanohybrid, the intercalation of both anions resulted in a single phase with basal spacing 19.2 Å (Fig. 2d) .
The proposed arrangement of MCPA and 3,4 D within the LDH interlayer region based on the PXRD data and the molecular size of both anions is shown in Fig. 3 . By taking into account that the layer thickness is 4.8 Å [14, [17] [18] [19] and the basal spacing of ZAMDX nanohybrid is 19.3 Å , therefore, the expected gallery height that can be occupied by the two herbicides in the interlayer space of LDH is 14.5 Å . By considering several factors, i.e. the charge density of the layer, dimension of the anion and assuming that the layer structure remains intact after the intercalation of both anions, then the MCPA and 3,4D have to orient themselves in a bilayer arrangement as shown in Fig. 3 . The host-guest and guest-guest interactions in the interlayer region and the potential interaction between them (i.e. hydrogen bonding, dipole-dipole and electric interactions) could affect the selectivity of these herbicide anions for the intercalation into the LDH layer [20] . The PXRD patterns of the ZAMDX nanohybrid show similar characteristics to ZADX than ZAMX, indicating that the 3,4D anion is the dominant intercalated anion in the LDH interlayers as mentioned earlier. To confirm this, the amount of intercalated MCPA and 3,4D anions was determined using UV-Vis spectrophotometry, by treating the nanohybrid with acid so that the inorganic layers were disintegrated and the intercalated anions were fully unintercalated or released. The loading percentages of MCPA and 3,4D were found to be 13.4 and 28.3 % (w/w), respectively. The higher uptake of 3,4D than MCPA anion is due to its stronger affinity to the high-charged density of the LDH interlayers, in which two Cl -atoms are bonded with Zn 2? ions in the former compared to only one Cl -atom in the latter.
UV-Vis spectrometer
The amount of intercalated anions was determined using UV-visible spectrometer by treating samples with acid to disintegrate inorganic layers completely, releasing the anions. The absorbance was monitored at k max = 229 and 206 nm for MCPA and 3,4D, respectively. The percentage loading of the dual-guest nanocomposite was determined by solving the equations below simultaneously:
where k 1 and k 2 are random wavelength points, A 1 and A 2 indicate the absorbance for mixture solution containing both MCPA and 3,4D respectively, e is the absorptivity of each anion, C (mg/L) represents the concentration of 100 % release of anion, and b is the path length (1 cm). The percentage loading for dual-guest nanocomposite was calculated by using the equations above, and the percentages were 13.4 and 28.3 % for MCPA and 3,4D, respectively. The intercalation of MCPA and 3,4D using the same ratios of 0.1 M shows that LDH favors the intercalation of 3,4D. This is due to its larger size and stronger interaction within the high-charged density in LDH interlayers as two Cl -atoms are bonded with the hydroxide layers compared to only one Cl -atom in MCPA [21] . The preference of LDH towards anion is affected by electrostatic attraction between the positively charged metal hydroxide layer and the guest anions, hydrogen bonds between carboxylic oxygen atoms in the guest anions and hydroxide layers, as well as the distribution of charges (dipole moment) in the guest anions [22] .
Fourier transform infrared spectroscopy
The FTIR spectra of MCPA, 3,4D and dual-guest ZAMDX nanocomposite are displayed in Fig. 4 .
The FTIR spectra for both LDH and dual-guest show a broad absorption band that is commonly observed in the LDHs materials centered at around 3500 cm -1 due to the presence of O-H stretching mode of the hydroxyl group physisorbed onto LDH layers, as well as interlayer water molecules [23] . A weak band corresponding to stretching vibration of H-OH appears at 1628 cm -1 [24] . Bands in the low frequency region correspond to translation vibration modes of Zn-OH at 611-615 cm -1 , Al-OH at around 554 cm
and deformation of HO-Zn-Al-OH at 425 cm -1 . A sharp peak at 1384 cm -1 is attributed to NO 3 -as an interlayer anion of LDH-NO 3 -. This nitrate anion is completely removed in ZAMDX nanocomposite as the interacalation of MCPA and 3,4D anions took place.
Similar adsorption bands could be observed for the MCPA and 3,4D anions as they possess the same functional groups. Broad peaks at 2990 and 3459 cm -1 are attributed to the OH stretching vibration of COOH for MCPA and 3,4D anions, respectively. Intense peaks at around 1700 cm -1 for MCPA and 3,4D are ascribed to C=O stretching vibration of the protonated COOH group of herbicides. Strong bands at 1471 and 1467 cm -1 are due to the stretching vibration of the aromatic ring, C=C and bands at around 1200 cm -1 are due to C-O-C antisymmetric and symmetric stretching.
As expected, ZAMDX has an absorption spectrum similar to the herbicide anions (MCPA and 3,4D). However, some bands are slightly shifted due to the interaction of both anions and host layers. Weak bands at around 1700 and 1400 cm -1 are due to the stretching vibration of the C=O of the COOH group and C=C stretching of the aromatic ring, as mentioned earlier, indicates that the two Wavenumber (cm herbicides had successfully intercalated into the LDH interlayers [25] .
Direct injection mass spectra
The mass spectral results of 3,4D, MCPA and the dualguest nanocomposite ZAMDX are presented in Fig. 5 . DIMS serves as a finger printing tool to determine the intercalated components. Mass spectra of pure 3,4D showed intense peaks at m/z 220, while pure MCPA showed abundant peaks at m/z 200. They can be ascribed to the molar mass of respective compound.
DIMS pattern of ZAMDX gave rise to a peak at m/z 142 corresponding to [C 7 H 6 ClO] -, a product from a cleavage process from the carboxycylic group fragment ion of MCPA. This can be confirmed by IR spectra in Fig. 4 , in which the presence of bands around 1700 and 1400 cm from the cholorinated phenolate ions from 3,4D. The IR peak at around 1471 and 1467 cm -1 due to the stretching of aromatic ring C=C and bands at around 1200 cm -1 due to C-O-C antisymmetric and symmetric stretching confirms this phenomenon. High intensity at m/z 77 corresponds to deprotonated benzene, which could be attributed to fragmentation of either intercalated anions [26] . Peaks coinciding with molar mass of 3,4D and MCPA can be clearly seen in dual-guest nanocomposites, which confirm the presence of these two anions in ZAMDX.
Thermal analysis
TGA/DTG measurement of MCPA, 3,4D, LDH and dualguest ZAMDX nanocomposite are shown in Fig. 6 . TGA/ DTG curves exhibit thermal decomposition behavior of samples. Pure MCPA and 3,4D anions show an intense peak at temperature maxima of 216.7 and 270.1°C with weight loss of 98.6 and 99.6 %, respectively. This corresponds to the decomposition and combustion of organic matter for both anions. The thermal decomposition of LDH progressed through two major stages of weight loss. The first stage of weight loss is due to the removal of water physisorbed on the external surface of LDH, as well as interlayer water molecules. The second and most prominent peak corresponds to the dehydroxylation of LDH matrix, whereas the last step is linked to the decomposition of intercalated nitrate ions [27] .
The thermal evolution of ZAMDX nanohybrid prepared by the anion exchange method took place in five consecutive stages with a total weight loss of 67.1 % in the range of 70-650°C. The weight loss observed at 66°C (5.5 %) was due to the release of water that was adsorbed onto or intercalated into ZAMDX. The large weight loss that occurred above 253°C could be attributed to the decomposition of intercalated herbicide anions and dehydroxylation of hydroxide layers [28] .
In comparison to the decomposition temperature of pure anions, MCPA and 3,4D, ZAMDX shows higher thermal decomposition temperature, which indicates that the intercalated anions are thermally more stable than the nonintercalated form.
Simultaneous release of herbicide anions
The amount of each herbicide anions that was simultaneously de-intercalated or released from the LDH inorganic interlayers of the the nanohybrid, ZAMDX into 0.005 M sodium carbonate at 180 and 230 nm for MCPA and 3,4D anions is observed in Fig. 7 . As shown in Fig. 7 the release profile shows that the accumulated release of herbicides into the aqueous solution was rapid for the first 100 min of contact with sodium carbonate 0.005 M, and then the release slowed until the equilibrium was reached. The equilibrium was achieved at 200 and 400 min with the release percentages of 71.3 and 32.5 % for 3,4D and MCPA respectively. This shows that the release of 3,4D and MCPA depends on the anionic size, as well as on the host-guest and/or guestguest interactions between the host interlayers, for instance hydrogen bonding, dipole-dipole and electrostatic interactions, which could affect the selectivity of these herbicide anions for the intercalation into LDH layers [29] and significantly affect the release profile [30] . In addition, the high affinity of carbonate anions towards LDH interlayers in the aqueous medium, which can expand the interlamellar space of the LDHs [32], favours the exchange of carbonate anions with the intercalated herbicides anions.
Based on the possible orientation of the intercalated dual herbicides as proposed in Fig. 3, 3 ,4D anion has a higher affinity towards LDH interlayer because it has two chlorine atoms that can interact through electrostatic bonding. This allows the 3,4D anion to be more easily intercalated and held stronger within the positively charge layers than the MCPA anion, which has only one chlorine atom. Higher loading percentage of 3,4D compared to MCPA leads to a higher release of 3,4D in the Na 2 CO 3 aqueous solution.
To get some insight on the kinetics of herbicide anions release from the nanohybrid, the data obtained from the release study were fit to zeroth-, first-parabolic diffusion and pseudo-second order ( Table 1) . The plots are displayed in Fig. 8 . obtained for other models used in this work. This indicates that such a nanohybrid with dual beneficial agents could be used as a controlled release formulation for two active agents at the same time.
Conclusion
The present results demonstrate the potential application of an LDH as the host for the preparation of a nanohybrid compound with a tunable controlled release property containing two herbicides simultaneously. This was accomplished using the anion-exchange method. The loading and release percentage of 3,4D were higher than MCPA, which is believed depends on the interaction between host and guest bonding. The simultaneous release of MCPA and 3,4D from the nanohybrid is controlled by pseudo-second order kinetics.
